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Abstract 

Background  Cluster randomised controlled trials (cRCT) present challenges regarding risks of bias and chance 
imbalances by arm. This paper reports strategies to minimise and monitor biases and imbalances in the ChEETAh 
cRCT.

Methods  ChEETAh was an international cRCT (hospitals as clusters) evaluating whether changing sterile gloves and 
instruments prior to abdominal wound closure reduces surgical site infection at 30 days postoperative. ChEETAh 
planned to recruit 12,800 consecutive patients from 64 hospitals in seven low-middle income countries. Eight strate-
gies to minimise and monitor bias were pre-specified: (1) minimum of 4 hospitals per country; (2) pre-randomisation 
identification of units of exposure (operating theatres, lists, teams or sessions) within clusters; (3) minimisation of ran-
domisation by country and hospital type; (4) site training delivered after randomisation; (5) dedicated ‘warm-up week’ 
to train teams; (6) trial specific sticker and patient register to monitor consecutive patient identification; (7) monitoring 
characteristics of patients and units of exposure; and (8) low-burden outcome-assessment.

Results  This analysis includes 10,686 patients from 70 clusters. The results aligned to the eight strategies were (1) 6 
out of 7 countries included ≥ 4 hospitals; (2) 87.1% (61/70) of hospitals maintained their planned operating theatres 
(82% [27/33] and 92% [34/37] in the intervention and control arms); (3) minimisation maintained balance of key 
factors in both arms; (4) post-randomisation training was conducted for all hospitals; (5) the ‘warm-up week’ was 
conducted at all sites, and feedback used to refine processes; (6) the sticker and trial register were maintained, with an 
overall inclusion of 98.1% (10,686/10,894) of eligible patients; (7) monitoring allowed swift identification of problems 
in patient inclusion and key patient characteristics were reported: malignancy (20.3% intervention vs 12.6% control), 
midline incisions (68.4% vs 58.9%) and elective surgery (52.4% vs 42.6%); and (8) 0.4% (41/9187) of patients refused 
consent for outcome assessment.

Collaborators are listed in Additional file 1.
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Conclusion  cRCTs in surgery have several potential sources of bias that include varying units of exposure and the 
need for consecutive inclusion of all eligible patients across complex settings. We report a system that monitored and 
minimised the risks of bias and imbalances by arm, with important lessons for future cRCTs within hospitals.

Keywords  Surgical site infection, Abdominal surgery, Global surgery, Global health, Cluster randomised controlled 
trial, Bias, Research methodology, Quality assurance, Trial management

Introduction
Surgical innovations often involve complex, across-team 
interventions that require behavioural change [1–3]. 
Evaluation of these innovations in a randomised trial 
requires a cluster randomised design because of the high 
risk of contamination between intervention and control 
arms with individual patient randomisation, as well as 
the logistical and practical issues around the delivery of 
the intervention [4–6]. However, few cluster randomised 
controlled trials (cRCTs) have been conducted to date in 
surgery [7]. As a result, methods for high-quality delivery 
of cRCTs in surgical settings are still evolving [8, 9].

A major methodological challenge in cRCTs is mini-
mising bias and arm imbalance. In cluster randomisation, 
chance imbalances in patient characteristics are likely 
to occur [10]. This can lead to a risk confounding bias. 
Selection bias occurs where there is incomplete iden-
tification and recruitment of eligible patients within a 
cluster overall. This can lead to a sample that is unrep-
resentative of the target population compromising exter-
nal validity and/or an unfair comparison of the trial arms 
due to the differences in known and unknown confound-
ers compromising internal validity. In addition, the lack 
of allocation concealment can also impact cluster size 
variability resulting from selection bias, causing further 
imbalances.

In surgical trials with cluster randomisation, there are 
specific challenges. The risk of bias is raised when it is 
necessary to unmask the clusters to their randomised 
group prior to the recruitment of eligible participants 
(i.e. where allocation concealment is not possible). In the 
context of a surgical cRCT, recruitment of participants 
occurs dynamically over a period of time and in differ-
ent settings (e.g. preoperative clinic, intraoperatively in 
theatre), when undergoing an eligible procedure. In this 
context, unmasking of the cluster to their randomised 
group prior to participant recruitment is required for the 
purposes of training and delivery of the randomised allo-
cation. In addition, there may be multiple units of expo-
sure (e.g. operating rooms, teams, theatre lists) within 
a cluster representing a major source of variability, and 
many interdisciplinary team members are involved in the 
perioperative care pathway.

Despite these risks, strategies to minimise bias and 
imbalance have been poorly described and inconsistently 

reported to date [4, 11]. This paper describes strategies 
to minimise bias and imbalance by arm used in a global 
surgery cRCT and transparently reports their implemen-
tation and effectiveness.

Methods
Trial aims, design, and setting
ChEETAh was an international, multicentre, 2-arm, 
cRCT with an internal pilot [12]. It evaluated the use of 
separate sterile gloves and instruments before closing the 
abdominal wall to reduce the rate of surgical site infec-
tion in the 30 days after surgery. Patients undergoing any 
abdominal surgery, for any indication with an abdominal 
incision ≥ 5  cm were eligible, except for caesarean sec-
tions. The primary outcome was surgical site infection 
(SSI) at 30 days, based on a US Centers for Disease Con-
trol definition of SSI [13]. Overall, CHEETAH planned to 
recruit 12,800 patients in at least 64 clusters. UK ethical 
approval was obtained from the University of Birming-
ham International Research Ethics Committee. All indi-
vidual participating countries obtained local or national 
ethical approval for ChEETAh in accordance with 
local requirements (available upon request). Individual 
patient-level consent for exposure to the intervention or 
control (routine practice) was deemed not to be required, 
so patients confirmed their consent (written or finger-
print) prior to discharge for inclusion in data collection at 
30 days postoperatively.

Clusters were defined at the level of the hospital, from 
seven low- and middle-income countries (Benin, Ghana, 
India, Mexico, Nigeria, Rwanda, and South Africa). Hos-
pitals were randomised (1:1) between (i) intervention 
(change of gloves and use of separate, sterile instruments) 
and (ii) current routine hospital practice (no change of 
gloves or use of separate, sterile instruments) before clos-
ing the abdominal wall. Low- and middle-income status 
was defined by the Development Assistance Committee 
(DAC) Official Development Assistance (ODA) list. Any 
cluster (hospital) in those LMICs that performed elective 
and/or emergency abdominal surgery and where glove 
and instrument change was not routine practice were 
eligible to participate. As the intervention and control 
require whole-team implementation, site investigators 
were not blinded, but patients were blinded to their ran-
domisation status. This study was a pre-planned analysis 
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of ChEETAh trial data to describe the strategies to mini-
mise and monitor biases and chance imbalances and 
inform future cRCTs in surgery. DMC and TSC approval 
was obtained for the publication of this data.

Trial structure and processes
In each randomised hospital and their pre-specified 
operating rooms, a bespoke local pathway was developed 
to recruit all eligible patients. Potentially eligible patients 
could be identified by any member of the surgical team 
(research nurse, clinical officer, surgeon in training, oper-
ating surgeon), either before, during or after surgery but 
before discharge.

Pre‑defined strategies to minimise bias and chance 
imbalances
This cRCT protocol adopted eight strategies to moni-
tor and minimise bias and imbalance. The strategies are 
ordered and aligned to the relevant stage of the trial path-
way (Fig. 1). These focused on each of the three potential 
sources of bias based on case-mix variability: (1) hospi-
tals; (2) units of exposure (operating theatres, surgical 
teams, and/or theatre lists); and (3) patients.

Strategy 1
Hospital-level: The protocol required a minimum of 4 
hospitals randomised per participating LMIC to ensure 
balance in a number of clusters within each country.

Strategy 2
Unit of exposure level: Hospitals (clusters) were required 
to pre-specify their predicted participating units of expo-
sure prior to randomisation (elective-only operating 
theatre/emergency-only operating theatre/elective and 
emergency (mixed) theatre). This was prospectively mon-
itored, and any deviation in actual units of exposure post-
randomisation were queried and recorded, with a direct 
intervention by the Trial Management Group (TMG) 
where feasible. This strategy aimed to prevent sites from 
modifying their planned case mix after knowledge of 
their randomised allocation. We report the proportion 
of hospitals that maintained their pre-specified operating 
theatre case mix overall and by randomised allocation.

Strategy 3
Hospital-level: Randomisation was minimised by country 
and by hospital type (i.e. hospital that accepts pre-opera-
tive referrals from other surgical teams (referral hospital) 

Fig. 1  Flowchart of the trial processes and strategies to minimise bias and imbalance by arm
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or not (non-referral hospital)) to force balance in ran-
domisation allocation for these key characteristics. We 
reported the balance of intervention to control groups 
across the minimisation characteristics.

Strategy 4
Hospital-level: Hospitals and investigators were given a 
training on the intervention or control group allocation 
after randomisation to minimise contamination between 
the arms. Delivering training to hospitals prior to ran-
domisation would have required the inclusion of infor-
mation about the delivery of both the intervention and 
control groups. Training was conducted with multiple 
stakeholders across research hubs (national lead sites) 
and spokes (linked participating hospital), often across 
multiple theatre teams within each cluster. We reported 
the proportion of participating hospitals that received 
training after randomisation.

Strategy 5
Hospital-level: A dedicated ‘warm-up week’ was con-
ducted by each hospital investigator team to establish 
and test processes for patient identification, including the 
use of the trial-specific register and the ChEETAh trial 
operation sticker (Additional file 1: Appendix C, D). We 
reported the number of clusters that completed a warm-
up week.

Strategy 6
Patient-level: The identification of patients within clus-
ters was ensured using a ChEETAh trial sticker in the 
clinical notes of all patients undergoing abdominal sur-
gery in participating units of exposure and monitored 
with a dedicated in-theatre trial-specific register where 
patient eligibility and inclusion were both recorded. This 
information was held at sites and aggregated periodi-
cally, for both site monitoring against theatre logbooks 
and periodic reporting to the central co-ordinating team. 
The central team would then review the aggregate regis-
ter (Additional file 1: Appendix E) and the cases uploaded 
onto REDCap, to identify any inappropriate patient 
exclusions and mitigate against resulting bias and imbal-
ances. The number of eligible patients identified and 
included in the cRCT divided by the number of poten-
tially eligible patients recorded in the aggregate register 
was used to calculate a case ascertainment rate summa-
rised as a percentage with 95% confidence intervals.

Strategy 7
Hospital-level: Regular communication between the 
sites and the central coordinating team was main-
tained throughout the trial. This focused on monitor-
ing key characteristics of patients: Patient level—age 

(≥ / < 18 years old), sex (male/female), urgency of opera-
tion (elective/emergency), operative approach (open 
midline/open non-midline), indication for surgery 
(malignant/benign).

These were reported monthly by the hospital to the 
TMG meeting to prospectively monitor and intervene in 
any hospitals where the quality assurance rules were not 
being followed and to the Data Monitoring Committee 
(DMC) and Trial Steering Committee (TSC) in regular 
reports. This strategy aimed to identify early any indica-
tion that units of exposure and patients may have been 
recruited selectively (i.e. unrepresentative sample, unu-
sual or unexplained imbalance between the randomisa-
tion arms). We report the impact of our communication 
strategy in identifying and intervening on participating 
sites. This included routine central monitoring of the 
aggregate register, sharing lessons learned across the net-
work and corrective and preventative measures around 
training and provision of additional guidance to all sites 
reinforcing several key trial processes (more details in 
Additional file 1: Appendix A).

Strategy 8
Patient-level: A pragmatic, low-burden post-discharge 
follow-up schedule was designed with support from 
patient and public representatives, to maximise feasibil-
ity and minimise selective outcome reporting in the trial. 
Refusal of consent for outcome assessment was reported 
overall across key risk subgroups and by trial arm.

Data management and governance
No patient-level outcome data (e.g. SSI rates) was seen by 
the TMG during trial conduct, nor is it included in this 
publication. Clusters were pseudo-anonymised by the use 
of a hospital ID for presentation in this analysis. Report-
ing of this process was pre-defined in the published study 
protocol [12]. Summary data were described using sum-
mary statistics in Stata V17.0 (Stata Corporation).

Results
Data were included in this analysis from 10,686 patients 
undergoing surgery in 70 hospitals in four countries. 
Summary data is presented below for each of the eight 
strategies to monitor and minimise bias and imbalances 
(Fig. 1).

Strategy 1
Six countries had met their minimum requirement for 
a number of participating centres (India, 21 hospitals; 
Nigeria, 16 hospitals; Rwanda, 12 hospitals; Ghana, 10 
hospitals; Benin, 5 hospitals; Mexico, 4 hospitals) and 
one was below this target (South Africa, 2 hospitals).
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Strategy 2
Of all hospitals included in the analysis, 61 of 70 (87.1%, 
95% CI 77.0 to 93.9%) collected data from patients in 
the same number of elective-only, emergency-only and 
mixed elective-emergency units of exposure that they had 
predicted prior to randomisation (Fig. S4). There were 
no occasions where these hospitals changed their speci-
fied elective or emergency units of exposure (i.e. swap-
ping one elective theatre for another in the same hospital 
when examined by randomisation allocation (Fig.  2)); 
there was appropriate balance between the intervention 
and control arm in the number of elective (37.3%, 95% 
CI 28.2 to 47.0% [41/110] versus 49.3%, 95% CI 40.7 to 
57.9% [69/140]), emergency (18.2%, 95% CI 11.5 to 26.7% 
[20/110] versus 20.0%, 95% CI 13.7 to 27.6% [28/140]) 
and mixed elective and emergency theatres (44.5%, 95% 
CI 35.1 to 54.3% [49/110] versus 30.7%, 95% CI 23.2 to 
39.1% [43/140]).

Strategy 3
Randomisation was generally well-balanced at a hospital 
level in Benin (4 interventions versus 1 control), Ghana 
(4 interventions versus 6 controls), India (11 interven-
tions versus 10 controls), Mexico (2 interventions versus 
2 controls), Nigeria (8 interventions versus 8 controls), 
Rwanda (7 interventions versus 5 controls) and South 

Africa (1 intervention versus 1 control) in line with the 
minimisation criteria. Equally, randomisation was well-
balanced between referral (30 interventions versus 27 
controls) and non-referral hospitals (7 interventions ver-
sus 6 controls).

Strategy 4
All sites completed investigator training during virtual 
site initiation, with a median of 10 (IQR: 5–19) investi-
gators present per virtual training session. All sites com-
pleted the online training modules with a mean of 9 
investigators per site.

Strategy 5
The warm-up week was successfully conducted by 
all sites (70/70), and feedback was used to refine trial 
processes.

Strategy 6
Training on the use and relevance of the ChEETAh 
sticker was delivered to all participating hospitals (70/70). 
The aggregate register was maintained at all sites (70/70), 
with an overall inclusion of 98.1% (10,686/10,894, 95% CI 
97.8 to 98.3%) of the eligible patients which was balanced 
by randomised allocation (98.6%, 95% CI 98.3 to 98.9% 
control vs 97.5%, 95% CI 97.1 to 97.9% intervention). 

Fig. 2  Flowchart describing the predicted and actual theatres participating in the ChEETAh cRCT​
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A summary is presented in Additional file  1: Table  S1. 
A median of 0 eligible patients (IQR: 0–1) was missed 
from inclusion. Routine monitoring of the aggregate 
register against the patient-level data uploaded on RED-
Cap was conducted, allowing prompt identification of 
missed patients and further site training on recruitment 
processes.

Strategy 7
A summary of patient-level monitoring measures by 
cluster is shown in Additional file 1: Table 2, demonstrat-
ing the between-cluster variability in patient characteris-
tics. A summary of monitoring measure by trial arm is 
presented in Table 1. Chance imbalances arose between 
the intervention and control groups in the propor-
tions of patients who were < 18 years (8.9% versus 5.9%), 
ASA grade IV or V (7.2% versus 4.2%), emergency sur-
gery (56.8% versus 46.6%, Fig. S1), benign disease (80.4% 
versus 59.4%), no WHO Surgical Safety Checklist (3.4% 
versus 0.2%) and open non-midline surgery (30.5% ver-
sus 19.1%). Chance imbalances reduced over time; an 

example is provided for the urgency of surgery in Fig. 
S2. Figure S3 demonstrates the interplay between the 
urgency of surgery, the type of incision and surgical indi-
cation overall. Non-midline incisions were more frequent 
in elective surgery (27.2% [416/1635] vs 21.7% [352/1527] 
in emergency surgery) and were more often performed 
for benign surgical indications. These key patient char-
acteristics were monitored centrally and reported at the 
TMG meetings, with swift action from the trials unit 
whenever biases were suspected. As an example, one 
site was enquired about inconsistencies in the aggregate 
register, uploaded data and theatre logbooks, admitting 
that some patients were missed. Lessons learned were 
disseminated across all hubs and spokes to avoid simi-
lar situations (see Additional file 1: Appendix F for more 
details on communication with the central management 
team).

Strategy 8
Overall, 0.4% patients (41/9187, 95% CI 0.3 to 0.6) refused 
consent for outcome assessment. This was balanced by 
trial arm (0.5% control vs 0.4% intervention) and across 
key risk subgroups (Additional file 1: Table S3).

Discussion
This study evaluated eight strategies to monitor and 
minimise bias and imbalances within an international 
cluster randomised controlled trial in surgery. Hospital-
level strategies contributed to balance in unit of exposure 
level strategies, which in turn contributed to balance in 
patient-level strategies. Although all the strategies were 
delivered with success, chance imbalances in monitor-
ing measures such as elective versus emergency opera-
tions, midline versus non-midline incisions and surgery 
for benign versus malignant indications were observed. 
Monitoring data were regularly reviewed by the TMG, 
with intervention at a site level where required. The 
diverse delivery network demonstrates the generalisabil-
ity of future analyses of the primary outcome measure. 
Our data reflect that cRCTs are prone to chance imbal-
ances at multiple stages and a transparent reporting 
of mitigation strategies is crucial for an adequate inter-
pretation of the trial results. Pre-planning for chance 
imbalance in cRCT statistical analysis plans should be 
considered paramount.

cRCTs have increasingly been recognised in surgery 
and interventional specialties as a methodology for 
evaluating complex and/or behavioural change interven-
tions in operating theatres [1–3, 14]. Operating theatres 
are multi-professional, multi-specialty environments 
where culture change is often required to empower prac-
tice change and uptake of evidence-based practice is 
slow [15]. Cluster methods, learning from concepts in 

Table 1  Baseline key characteristics of the patients included in 
the intervention and control arms

Factor Routine 
practice, 
n = 5640

Change of gloves and 
instruments, n = 5046

Age
  < 18 years 484 (8.6) 522 (10.3)

  ≥ 18 years 5155 (91.4) 4524 (89.7)

ASA grade
  Grade I 2539 (45.0) 2600 (51.5)

  Grade II 2086 (37.0) 1571 (31.1)

  Grade III 757 (13.4) 735 (14.6)

  Grade IV 158 (2.8) 121 (2.4)

  Grade V 99 (1.8) 19 (0.4)

Timing of surgery
  Elective 2486 (44.1) 2603 (51.6)

  Emergency 3153 (55.9) 2443 (48.4)

Indication
  Malignant disease 860 (15.2) 955 (18.9)

  Benign disease 4506 (79.9) 3812 (75.5)

  Trauma 274 (4.9) 279 (5.5)

WHO surgical safety checklist
  Yes 5387 (95.5) 4882 (96.8)

  No 252 (4.5) 163 (3.2)

Operative approach
  Open—midline 3344 (59.3) 3325 (65.9)

  Open—non-midline 2172 (38.5) 1605 (31.8)

  Laparoscopic 38 (0.7) 56 (1.1)

  Laparoscopic converted to 
open

86 (1.5) 60 (1.2)
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implementation and behavioural science, have signifi-
cant potential in both evaluating late-phase interventions 
and encouraging sustainable adoption where benefit is 
observed. This may be particularly relevant to resource-
constrained settings, where contextually sensitive inter-
ventions require deep co-development, and the ability 
to scale across networks is key [16]. However, cluster 
trials in surgery are challenging. First, clusters are often 
defined at a hospital level but significant within-cluster 
heterogeneity exists both in the unit of exposure (operat-
ing theatre, surgical team or theatre list) and patient-level 
case mix (urgency and types of operation). Although 
patients undergoing elective and emergency surgery are 
expected to have distinct characteristics and outcomes 
[17–19], the arm imbalances observed in the ChEETAh 
trial are expected as with any cluster trials. With appro-
priate adjustments for key confounders in statistical anal-
ysis, this will limit the compromise of the internal validity 
of the results. Second, patients cannot be recruited 
upfront before randomisation as in the case chronic 
disease management, so recruitment is performed after 
randomisation [20]. In the ChEETAh trial, 97% of the 
hospitals maintained their case mix of emergency and 
elective theatres, demonstrating very little recruitment 
bias after randomisation. The main model of this trial 
will adjust for minimisation factors (country and type of 
hospital) as well as key confounders which include both 
hospital-level and patient-level covariates.

Previous authors have described similar methods for 
cRCTs but have described application to outpatient set-
tings or chronic disease and have limited applicability to 
the surgical settings (i.e. one-off intervention exposure, 
multi-level within and between cluster variability) [20]. 
Chance imbalances are expected in cRCTs and adjust-
ment for the key cluster- and patient-level variables 
whilst accounting for clustering is essential during data 
analysis [8]. These statistical techniques however can-
not account for unmeasured confounding so should be 
seen as part of a whole-trial approach to bias mitigation, 
rather than standing alone [11]. We observed here that 
chance imbalances between key risk variables decreased 
over time (i.e. as sample size increased); this has been 
previously observed in meta-analyses of cRCTs [21] 
which suggests that patient-level imbalance is expected 
in cRCTs.

As this trial did not require patient-level consent 
for exposure to the intervention, but did for outcome 
assessment, the risk of bias from the refusal of consent 
was low. We worked with patient and community part-
ners to design a pragmatic follow-up schedule [22] that 
was low burden (completed at a single time point) and 
collected outcome data from electronic health records 
where feasible (e.g. reoperation) [23]. Equally, we had no 

centres that recruited no patients so would be excluded 
from an intention-to-treat analysis [20], nor was there a 
risk of cluster ‘migration’ (where participants move out 
or into one cluster to/from another) as with some trials 
in chronic disease. Patients were the only blinded party 
in this trial, as the operating teams were delivering the 
intervention and outcome assessors were likely to be 
aware of the hospital allocation. Cluster randomised tri-
als in surgery are unique, and designing them requires 
multifaceted considerations of different issues that may 
warrant such strategies to minimise risk of bias as com-
pared to other fields. For instance, there are weekend 
and night operations, and decisions on patient inclusion 
into trials are difficult. Further blinding in surgery is not 
entirely feasible. This trial has been co-developed with 
stakeholders from LMICs, through face-to-face meetings 
and a formal Delphi process, to ensure its relevance. Both 
the interventions and design of research were judged to 
be applicable to settings in lower-resource countries, as 
judged by frontline surgeons. Finally, we had many clus-
ters (N = 70) and a randomisation-minimisation algo-
rithm, so allocation concealment was easily maintained 
(i.e. unlikely that new clusters would be able to anticipate 
their randomised allocation). Future trials where there 
would be a risk of these alternative sources of bias should 
consider including methods to monitor and minimise 
these during planning and implementation [24].

This study had limitations. First, we were unable to 
fully account for the risk of recruitment bias using the 
methods described [25]. However, by using consecutive 
sampling of eligible patients and monitoring for refusal 
of consent are actively aware of this, and with interpre-
tation of the full trial results with this caveat. Second, 
imbalances persisted in certain patient-level variables 
between randomisation arms. These decreased as sam-
ple size increased (suggesting chance imbalance only). 
Future meta-analyses of cRCTs in this area are warranted 
to fully assess the effectiveness of these strategies in miti-
gating against selection bias in cRCTs. Third, we specifi-
cally highlight chance imbalance and attrition bias as key 
causes of differential misclassification in cRCTs but other 
sources of bias exist (performance bias, measurement 
bias, dilution bias) that we have not considered here. 
Fourth, whilst we have focussed on surgical cRCTs, the 
findings may be applicable to other interventional and 
procedural specialties where differences in outcomes can 
occur related to the procedural performer, environment 
and technique in addition to patient-related factors. We 
encourage other investigators to explore these concepts 
across other specialty areas.

Future guidance on the delivery and reporting of 
cRCTs in surgery and other areas of knowledge should 
incorporate strategies similar to these to mitigate against 
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bias and imbalance by arm. The ChEETAh trial provides 
a structured approach which was implemented success-
fully across diverse settings and can be flexibly applied to 
future cRCTs.
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